Summary Purpose The combination of DNA methylation inhibitors and histone deacetylase inhibitors is synergistic in gene expression activation and may overcome platinum resistance. Sequential treatment with azacitidine and valproic acid (VPA) in combination with carboplatin may overcome resistance to platinum-based therapy, and we conducted a phase I trial to assess safety, maximum tolerated dose (MTD), and clinical correlates. Experimental Design Patients with advanced solid tumors refractory to standard therapy were eligible. In cohorts of escalating doses, patients received azacitidine for 5 days from days 1 to 5, VPA for 7 days from days 5 to 11, and carboplatin starting in the second cycle on days 3 and 10. Clinical correlates included evaluation of epigenetic changes, methylation patterns, and histone acetylation levels in peripheral blood mononuclear cells. Results Thirty-two patients were treated. The MTD was 75 mg/m 2 azacitidine, 20 mg/kg VPA, and AUC 3.0 carboplatin. Minor responses or stable disease lasting ≥4 months were achieved by six patients (18.8 %), including three with platinum-resistant or platinum-refractory ovarian cancer. The most common adverse events grade ≥3 were fatigue (81 %) and neutropenia (69 %). Dose-limiting toxicity occurred in six patients (18.8 %), including four patients with grade 3 altered mental status. Death receptor 4 (DR4) methylation was shown to decrease in a subset of patients, but there was no relationship with tumor response or number of cycles received. Conclusions Combination of azacitidine, VPA, and carboplatin demonstrates decreased DR4 methylation and modest evidence of antitumor activity in patients with heavily treated advanced malignancies.
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Introduction
DNA methylation is a crucial epigenetic modification of the genome that is involved in regulating many cellular processes [1] . Genes involved in cell-cycle regulation, tumor cell invasion, DNA repair, chromatin remodeling, cell signaling, transcription, and apoptosis become abnormally hypermethylated and silenced in nearly every tumor type [2] . Histone deacetylases mediate complex changes in the histone structure resulting in the establishment of repressive chromatin structures [3] . Loss of lysine acetylation in histones is the first step in gene silencing and can lead to decreased DNA repair accelerating molecular events resulting in the development of cancer [3, 4] .
Carboplatin is an effective chemotherapeutic agent for patients with epithelial ovarian cancer, but resistance to platinum therapy eventually develops [5] [6] [7] [8] . Azacitidine inhibits methylation of replicating DNA by stoichiometric binding with DNA methyltransferase 1 thus inducing reexpression of epigenetically silenced genes [9] . Valproic acid (VPA), a histone deacetylase inhibitor, induces a hyper-acetylated state of histones resulting in a more open chromatin structure rendering cells more prone to apoptosis induced by chemotherapy [10] . Concurrent DNA demethylation and histone deacetylase inhibition are synergistic in gene expression activation, possibly because decreased methylation is a prerequisite for effective transcription following histone deacetylase inhibition [11] . This concept of gene reactivation overcoming platinum resistance has been demonstrated preclinically in which death receptor 4 (DR4) mRNA expression was increased in platinum-resistant ovarian cancer cell line 2008/C13 after azacitidine treatment, and such treatment increased the sensitivity at 2008/C13 to platinum [12] .
In a phase 1b-2a trial of azacitidine and carboplatin, decreased DR4 methylation in peripheral blood mononuclear cells (PBMC) correlated with responders (75 %) versus non-responders (38 %) suggesting that reactivation of silenced genes might be associated with responses [13] . VPA in combination with cisplatin showed synergistic cytotoxicity in ovarian cancer cells resistant to cisplatin [14] . In a phase 1/2 study with leukemia patients, combination treatment with VPA and decitabine, a deoxy derivative of azacitidine, showed a transient reversal of aberrant epigenetic modifications with 12 (22 %) objective responses and a 50 % response rate in a subset of patients without prior therapy [15] . Since hypomethylation induced by a DNA methylation inhibitor is optimized between days 5 and 12, introducing a histone deacetylase inhibitor sequentially during this therapeutic window may maximize its effect [16] .
We performed a phase I trial administering sequential azacitidine and VPA in combination with carboplatin based on our hypothesis that this combination may overcome resistance to platinum. The primary objectives of this study were a) to determine the acceptable dosages of these three agents used in combination in the treatment of patients with advanced solid malignancy; b) to determine whether DNA methylation and histone acetylation of tumor tissue and PBMCs occurred at tolerable dose levels of the combination; and c) to describe the toxicity profile of this drug combination.
Materials and methods

Patients
Patients were eligible if they had histologic proof of advanced cancer and progressed following standard therapy or for whom no standard effective therapy was available; measurable disease, as defined by Response Evaluation Criteria in Solid Tumors 1.0 (RECIST) [17] ; Eastern Cooperative Oncology Group (ECOG) performance status of 2 or less; adequate function of bone marrow (absolute neutrophil count ≥1,500/uL, platelet count ≥100,000/uL, hemoglobin ≥9.0 g/dL), liver (albumin ≥3.0 g/dL, bilirubin ≤2.0 mg/dL, alanine aminotransferase ≤3× upper limit of normal), and kidney (creatinine ≤2.0 mg/dL). Patients must have been off all previous chemotherapy or radiotherapy for 3 weeks (within 2 weeks if given weekly, 6 weeks for nitrosoureas or mitomycin C, and 30 days if previously treated with an investigational drug). All patients signed consent in accordance with the guidelines of the M.D. Anderson Cancer Center Institutional Review Board.
Procedures
A modified 3 + 3 design was used for this study (Supplementary Material). Patients started with subcutaneous injection of azacitidine 75 mg/m 2 daily for 5 days (days 1 to 5) followed by oral intake of VPA at the dosage escalated from 40 mg/kg daily to the target dosage at 50 mg/kg daily for 7 days from days 5 to 11 (Fig. 1) . If the patient was not able to tolerate subcutaneous injection of azacitidine, intravenous infusion of azacitidine at the same dosage was allowed. Starting in cycle 2, patients also received intravenous infusion of carboplatin at the dosage escalated from AUC 2.0 to AUC 2.5 and then 3.0 on day 3 and day 10 in addition to azacitidine and VPA. Intra-patient dose escalation was not allowed. The treatment repeated once every 28 days until prohibitive toxicity, tumor progression, or patient withdrawal. Prophylactic pegfilgastrim was permitted on day 12 at the discretion of treating physician.
Toxicities were graded using the Common Terminology Criteria for Adverse Events (version 3.0) [18] . Treatment on subsequent cycles required adequate bone marrow function (absolute neutrophil count greater than 1,500/uL, platelet count greater than 75,000/uL) and resolution of toxicity to less than grade 2 or pre-therapy baseline. Dose escalation proceeded if no more than one of three or four patients experienced dose-limiting toxicity (DLT). Hematological DLT was defined as platelets less than 25,000/uL or bleeding associated with platelets less than 50,000/uL, absolute neutrophil count less than 500/uL for more than 7 days, neutropenic fever, or more than 14 days of delay in initiation of subsequent treatment because of inadequate hematological parameters. Non-hematological DLT was defined as grade 3 or greater non-hematological toxicity other than nausea, vomiting, or fatigue occurring during the first cycle.
Tumor response was assessed with RECIST (version 1.0) [17] and serum CA125 (Supplementary Material). Baseline radiological assessments were done within 28 days before initiation of treatment. The first restaging evaluation was performed after the third cycle of treatment and every two cycles thereafter or earlier if clinically indicated.
DNA extraction and methylation analysis
Blood samples from patients were collected into EDTA-vials at enrollment and before each cycle of treatment. White blood cells were separated on Ficoll-Hypaque gradients and stored at −20°C until analyzed.
DNA was extracted from PBMCs obtained from patients before and after carboplatin, azacitidine, and VPA treatment using standard phenol-chloroform extraction, representing DNA from lysed normal blood cells as well as circulating tumor cells. Methylation analysis was done using a methylation kit (EZ-96 gold; Zymo Research, Orange, CA). MethPrimer software was used for the prediction of CpG island of DR4 (ACCESSION EF064713; GI: 117606477) and design of methylation specific primers. The sequence of primers for methylated DR4 promoter was forward, TTGGAGCGTAATGGTTTTATTTC; reverse, AATACCTA TAATCCCAACCACTCG, and that for unmethylated DR4 promoter was forward, GTTGGAGTGTAATGGTTTTA TTTTG; reverse, AATACCTATAATCCCAACCACTCAA. The methylation-specific PCR conditions were 94°C for 5 min with hot start, then 94°C for 30 s, 58°C or 60°C for 30 s, and 72°C for 1 min repeated for 40 cycles. Universal methylated and unmethylated control DNAs were used for the positive control (Chemicon International). All methylationspecific PCRs were repeated twice separately. Methylated DR4 was normalized by both unmethylated DR4. Image analysis (Scion Image for Windows) was used for semiquantitative measurement of methylated and unmethylated DR4. We defined at least 10 % of DR4 methylation changes as a cut-off value.
Western blot analysis of histone H3 acetylation Histone H3 acetylation was determined by Western blot analysis. Briefly, acid extracts from PBMCs obtained from patients before and after treatment were separated on a 10 % gel by SDS-PAGE and transferred to nitrocellulose paper, blocked with 5 % milk for 2 h at room temperature (RT) and incubated with polyclonal antibody against acetyl-Histon H3 (Millipore, Billerica, MA) overnight at 4°C followed by incubation with horseradish peroxidase-conjugated second antibody for 1 h at RT. Blots were developed with the ECL Western Blotting Detection Kit (GE Healthcare). GAPDH was used for loading control.
Statistical analysis
The association between DR4 methylation in responders versus non-responders and high versus low dose of VPA was analyzed using an unpaired t-test. The difference in DR4 methylation between cycle 1 and cycle 2 was analyzed using a paired t-test.
Results
Patient characteristics
Thirty-two patients who met the inclusion and exclusion criteria were enrolled in this study (Table 1) . Most patients were heavily pretreated, with a median of five prior systemic treatments; 53 % had previously been treated on a phase 1 trial. Two patients (6 %) had brain metastasis at the time of enrollment. The majority of patients had ECOG performance status of 1. The most common tumor type enrolled was ovarian (n=10), and all patients with ovarian cancer were platinum-refractory or resistant.
Toxicity and recommended dose
All patients treated were evaluable for toxicity ( Table 2 ). The most common (≥20 % incidence) drug-related toxicities observed included fatigue (81 %), neutropenia (69 %), anemia (50 %), thrombocytopenia (47 %), nausea (47 %), drowsiness (31 %), and altered mental status (25 %). Twenty-five patients (78 %) experienced drug-related toxicities ≥grade 3. No DLTs were observed at the first two dose levels. At dose level 3 (75 mg/m 2 azacitidine, AUC 2.5 carboplatin, and 50 mg/kg VPA), one out of eight patients experienced grade 4 neutropenia and grade 3 fever and anemia. At dose level 4 (75 mg/m 2 azacitidine, AUC 3.0 carboplatin, and 50 mg/kg VPA), two out of seven patients experienced grade 3 altered mental status which was attributed to VPA. A lower dose of VPA was introduced in dose level 4A (75 mg/m 2 azacitidine, AUC 3.0 carboplatin, and 30 mg/kg VPA), and two out of eight patients experienced grade 3 altered mental status and one out of eight patients experienced grade 4 neutropenia. The dose of VPA was reduced further in dose level 4B (75 mg/m 2 azacitidine, AUC 3.0 carboplatin, and 20 mg/kg VPA), and no dose-limiting toxic effects were observed.
Adverse events that needed a reduction in dose were noted in 12 out of 32 patients. The most common cause of dose reduction was neutropenia (n=5). Two patients died while on treatment, however, no deaths resulted from treatment-related adverse events. There are no other serious adverse events to report.
Antitumor activity
Six out of 32 patients (19 %) received more than 4 cycles (1 cycle=4 weeks) of treatment. The median number of cycles received was 3 (range 1-11). Twelve out of 32 patients had a follow-up restaging with measurable disease. Among the remaining 20 patients, three were evaluable but not measurable and 17 were not evaluable for first restaging because treatment was discontinued before the first restaging evaluation (10 for clinical progressive disease, 4 for toxicity, and 3 withdrew consent), and all of these patients are considered treatment failures.
Among the ten patients with ovarian cancer, three (30 %) achieved minor responses or stable disease per RECIST lasting ≥4 months (Table 3) . CA125 reductions were seen in some patients, with one individual demonstrating a reduction of more than 50 % who received treatment for 7 months. This patient showed a tumor decrease of 26 %. One patient with prostate cancer (3 %) completed 11 cycles of treatment and achieved stable disease per RECIST lasting ≥9 months. Two other patients (6 %), one with cervical cancer and another with colorectal cancer, achieved stable disease lasting ≥4 months.
Death receptor 4 (DR4) methylation and histone acetylation in PBMCs
To define changes in DNA methylation, DR4 methylation levels were determined using methylation-specific PCR of DNA extracted from PBMC sampled from patients before and after carboplatin, azacitidine, and VPA treatment. When the dynamic changes of DR4 methylation in PBMC were analyzed in patient #4 with ovarian cancer, who had stable disease and received 9 months of treatment (Table 3) , we found that DR4 methylation decreased slightly during the second cycle and reached a maximum decrease on cycle 3 day 1 by about 64 % (Fig. 2a) . Of the 19 patients with evaluable serial PBMCs, 18 (95 %) achieved at least a 10 % maximum decrease of DR4 methylation while on treatment, and 15 of 19 patients (79 %) achieved at least a maximum decrease of 30 %. There was no statistically significant association between the decrease in DR4 methylation and the dose of VPA (Fig. 2b) , clinical response, or number of cycles received. DLT dose-limiting toxicity; IV intravenous; PO per oral; SC subcutaneous; D1-D5 day 1 thru day 5; D5-D11 day 5 thru day 11; D3 day 3; D10 day 10 a Maximum Tolerated Dose
The mean maximum decrease in DR4 methylation was 7 % in cycle 1 versus 24 % in cycle 2 (p=0.08). The changes in DR4 methylation between patients who achieved prolonged stable disease (≥4 months) versus those who had progressive disease on treatment were not significant (maximum decrease 37 % versus 47 % respectively, p=0.21).
Histone acetylation analysis was limited to a subset of only six patients because of inadequate remaining DNA after DR4 methylation analysis. Qualitative assessment of histone acetylation in the six patients by Western blot indicated no clear trend of histone acetylation changes while on treatment.
Discussion
Our study demonstrates the first attempt to reverse platinum resistance with combination methylation and histone deacetylase inhibition. Three out of ten patients (30 %) with platinum-refractory or resistant ovarian cancer achieved stable disease per RECIST, including one patient with a 26 % decrease in tumor size (82 % decrease in CA-125) who received treatment for 7 months and one patient on treatment for 9 months (30 % decrease in CA-125). These three patients were heavily pretreated, with 5, 5, and 9 prior treatment regimens received in the past. Importantly, these three patients achieved disease stability for longer duration on this clinical trial than on each patient's previous treatment, including 9 months vs. 2 months (topotecan), 5 months vs. 3 months (docetaxel), and 7 months vs. 2 months (letrozole), respectively. Of note, the patient with the largest decrease in methylation received treatment longer than all other patients with ovarian cancer. In a similar study that combined azacitidine and carboplatin, 3 % of platinum-refractory or resistant ovarian cancer patients achieved complete response, 10 % achieved partial response, and 33 % achieved stable disease per RECIST, but these patients were less heavily pretreated [13] . VPA was added sequentially in our study in an effort to further overcome platinum resistance and maximize response because VPA has been shown to synergistically improve cytotoxicity in combination with cisplatin in platinum resistant ovarian cancer cell lines [14] . In combination with a DNA methylation inhibitor, the addition of a histone deacetylase inhibitor has shown robust reexpression of silenced genes [11] .
A maximum decrease of at least 30 % in DR4 methylation was seen in 79 % of patients, suggesting pharmacodynamic response to the treatment regimen. However, the changes in DR4 methylation were not significantly different between patients with stable disease ≥4 months compared to those with progressive disease. Considering that this was a phase 1 study with variable dose levels and a heterogeneous heavily pretreated population, assessment of the correlation between methylation status and response is not possible; such assessment will require a prospective study in a larger and homogenous population. Similar challenges have been encountered in patients with advanced cancers on combination azacitidine and VPA therapy in another phase 1 study [19] . An initial spike in DR4 methylation was observed in week one of the first cycle, as seen in Fig. 2a and in other studies [20] which has been attributed to a stress response or another unclear etiology upon starting the treatment regimen. The delayed initiation of carboplatin therapy until cycle 2 is the primary limitation of this study. Azacitidine and VPA were administered sequentially in order to maximize the therapeutic window. However, the cytotoxic agent wasn't introduced until the second cycle in order to determine the methylation changes induced by azacitidine and VPA without interference from the platinum therapy. Nonetheless, the delay of platinum treatment may have contributed to the modest antitumor response seen. Indeed, 10 patients progressed clinically before the first restaging. Future trials testing similar concepts should consider initiating all three study drugs in the first cycle in order to maximize response.
The combination of azacitidine, VPA, and carboplatin was poorly tolerated. The drugs were given sequentially in an effort to maximize their therapeutic effects based on previous work [16] , and we anticipated that the staggered administration might also result in less toxicity. Unfortunately, 78 % of patients still experienced adverse events of grade 3 or higher, most commonly fatigue (81 %) and neutropenia (69 %). Confusion and somnolence occurred in 25 % of patients, probably secondary to VPA treatment. Therefore, the last two dose levels required de-escalation of the VPA dose. The recommended phase 2 doses are azacitidine 75 mg/m 2 (days 1-5), VPA 20 mg/kg (days 5-11), and carboplatin AUC 3.0 (days 3 and 10, not given in cycle 1).
Genetic mutations have also been shown to influence platinum resistance. Mutation of the BRCA1/BRCA2 gene in ovarian cancer patients is correlated with positive responses to platinum treatment [21] , and reversion mutation of BRCA2 has led to platinum resistance [22] . Other mechanisms aside from epigenetic modification can lead to platinum resistance and should be explored further.
Methylation of hMLH1 and DAPK have been shown to result in chemoresistance [23] [24] [25] , whereas methylation of BRCA1 and FANCF result in increased platinum sensitivity and positive response [26, 27] . Hypomethylation can also activate rare oncogenes typically silenced in cancer, such as EGFR and COX2 [28] . Because methylation is associated with both sensitivity and resistance, hypomethylation treatment may need to be tailored according to each patient's individual methylation profile.
At higher doses of VPA, a trend of greater demethylation was observed, but did not reach statistical significance and may suggest that VPA is not a potent histone deacetylase inhibitor, as has been observed in other studies of VPA [29] [30] [31] . With the increased incidence and severity of somnolence and altered mental status requiring dose reduction of VPA at FDA-approved doses, it may not be possible to achieve the dose level necessary for clinical benefit. Future studies should examine the use of other, possibly more potent, histone deacetylase inhibitors such as belinostat [32] or vorinostat [33] .
Dose delays and dose reductions due to toxicity made it difficult to maintain consistent delivery of treatment with this drug combination. The high incidence of toxicities observed in our study may prevent the duration of treatment necessary in order to achieve clinical response [20] . Development of resistance may also explain the diminished treatment response seen [34] . The frequent dose interruptions may have caused drug resistance to develop rapidly. Long-term use of a DNA methyltransferase 1 (DNMT1) inhibitor may be compensated for by surrounding DNMTs ultimately resulting in methylation and re-silencing of the gene [35] . Upon failure of azacitidine, subsequent treatment with decitabine has demonstrated an overall response rate of 28 % without significant toxicity [36] . Resistance should be considered in future studies and use of decitabine as second line treatment further explored. Future studies should consider preselecting patients based on known methylation status in order to optimize treatment response. CpG-island methylation patterns and targets have been identified with tumor-type specificity [37, 38] , and a genomic screen for colorectal cancer has been used to identify which genes should be targeted with demethylating therapy [39] . Lower, more continuous doses of treatment that avoid dose interruptions might also be more successful. This strategy results in methylation and acetylation changes in the clinic setting [19] . The combination of methylation and histone deacetylase inhibition merits further examination in a defined subgroup of patients.
